N7Y 12555

NASA CR-112238

NON-CLASSICAL ADHESIVE-BONDED JOINTS
IN PRACTICAL AEROSPACE CONSTRUCTION

TECHNICAL REPORT

by
L. J. HART-SMITH

Prepared under Contract NAS1-112
Douglas Aircraft Company
McDonnell Douglas Corporation
3855 Lakewood Blvd
Long Beach, California 90846

January 1973

for

Langley Research Center
Hampton, Virginia 23366

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION




O S



NON-CLASSICAL ADHESIVE-BONDED JOINTS
IN PRACTICAL AEROSPACE CONSTRUCTION

TECHNICAL REPORT

by
L. J. HART-SMITH

Prepared under Contract NAS1-11234
Douglas Aircraft Company
McDonnell Douglas Corporation
3855 Lakewood Blvd
Long Beach, California 90846

JANUARY 1973
for

Langley Research Center
Hampton, Virginia 23366

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

NASA CR 112238






ABSTRACT

Solutions are derived for adhesive-bonded joints of non-classical geometries.
Particular attention is given to bonded doublers and to selective reinforcement
by unidirectional composites. Non-dimensionalized charts are presented for the
efficiency 1imit imposed on the skin as the result of the eccentricity in the
load path through the doubler. It is desirable to employ a relatively large
doubler to minimize the effective eccentricity in the load path. The transfer
stresses associated with selective reinforcement of metal structures by
advanced composites are analyzed. Reinforcement of bolt holes in composites by
bonded metal doublers is covered quantitatively. Also included is the adhesive
joint analysis for shear flow in a multi-cell torque box, in which the bond on
one angle becomes more critical sooner than those on the others, thereby
restricting the strength to less than the total of each maximum strength when
acting alone. Adhesive plasticity and adherend stiffness and thermal imbalanc-
es are included. A simple analysis/design technique of solution in terms of
upper and lower bounds on an all-plastic adhesive analysis is introduced. This
is far simpler than the more precise elastic-plastic adhesive analysis and, in
most cases is of adequate accuracy. An analysis of tapered-lap bonded joints
is included and this shows how to alleviate the peel-stress problem character-
istic of thick uniform double-lap joints. The tapered-lap joints remain fully
efficient for thicknesses above which the uniform double-lap joint becomes
inefficient. Illustrative examples are included throughout the text.
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Integration constants

Cross-sectional area of adherend (in.?)

Flexural rigidity of adherends (1b in.?)

Length of elastic zone in adhesive bond (in.)
Young's modulus (longitudinal) for adherend (psi)
Adhesive peel (transverse tension) modulus (psi)
Edge distance (in.)

Adhesive shear modulus for elastic-plastic representation (psi)
Adherend in-plane shear moduli (psi)

Bending stress coefficient

Load sharing factor (Figure 12)

D/ [Et3/12(1-v2)] = bending stiffness factor for compos-
ite adherends

Overlap (length of bond) (in.)

Bending moment in adherend (1b in. / in.)

Applied direct load on entire joint (1b / in.)

Shear stress resultant (in-plane) in adherend (1b / in.)
Co-ordinate in plane of adhesive layer (in.)

Temperature (°F)

) (°F)

Temperature change (Toperating - Tcure
thickness of adherend (in.)

Transverse shear force on adherend (1b / in.)
Transverse deflection of adherend (in.)

Width of bond-line (in.)

Axial (longitudinal) co-ordinate parallel to direction of load

(in.)
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X1

Coefficient of thermal expansion (/°F)
Adhesive shear strain

Elastic adhesive shear strain

Plastic adhesive shear strain

Axial (longitudinal) and in-plane (shear) displacement of
adherend (in.)

Axial co-ordinates (different origin and/or sense from x) (in.)
Thickness of adhesive layer (in.)

Exponent of elastic shear stress distribution (in.-!)

Poisson's ratio for adherend(s)

Y(P/D) = Bending stiffness parameter (in.-1)

Peel stresses in adhesive (psi)

Maximum and average adherend stresses (psi)

Adhesive shear stress (psi)

Average adhesive shear stress (psi)

Plastic adhesive shear stress (psi)

Adhesive (cement)

Composite and metal adherends

Property normal to plane of adherends

Residual value (due to thermal mismatch)

Tension, compression and shear with respect to applied load
Uniform and tapered adherends

Doubler and skin, respectively

Regions into which joint is subdivided for purposes of analysis



SUMMARY

It is not usual to find adhesive bonded joints in aerospace structures which
conform precisely to the geometry and load conditions of the classical classes
of joints on which tests are performed. The objective of this report is to
apply to practice some of the analysis/design capability developed by the
elastic-plastic formulation of the classical (double-lap, single-lap, stepped-
lap, and scarf) joints. Particular attention is devoted to bonded doublers,
with a range of end support conditions. Non-dimensionalized charts are present-
ed for the efficiency limit imposed on the skin as the result of the eccentric-
ity in the load path through the doubler. It is desirable to employ a relative-
1y large doubler to minimize the effective eccentricity in the Toad path. In
addition, consideration is given to the selective reinforcement of metal struct-
ures by unidirectional composites and of composites by bonded metal doublers
around bolt holes. In the former case, the key issue is the Toad transfer at
the end of the composite reinforcement while, in the latter case, the usual
problem is that of load transfer between the metal doubler and the composite
part. Also to be found in this report is an analysis of the bond stress and
strain distributions for shear flow in a multi-cell torque. A technigue of
alleviating the peel-stress problem for thick uniform double-lap joints is des-
cribed and analyzed. The optimum tapering of the outer adherends is shown to
eliminate the peel problem while adding 24 per cent to the bond shear strength.

Adhesive plasticity and adherend stiffness and thermal imbalances are accounted
for. A simple analysis/design technique of solution in terms of upper and lower
bounds on an all-plastic adhesive analysis is introduced. This is far simpler
than the more precise elastic-plastic adhesive analysis and, in most cases, is
of adequate accuracy. Indeed, in many cases such solutions are simpler than a
perfectly-elastic method. Consequently, analytical solutions can be obtained
for a far graeter range of joint configurations and complex Toad conditions than
is possible with more precise methods.

ITlustrative examples are included throughout the text to explain how to employ
the analyses derived.






1. INTRODUCTION

It is unusual in the design of aircraft and space vehicles to encounter an
adhesive-bonded joint of precisely one of the classical families of analysis
such as the double-lap joint, the single-lap joint, the scarf joint, and the
stepped-lap joint. It is even more unusual to encounter simultaneously a pure
form of load application, such as tensile lap shear which is the basic test
condition. The differences in load capacities for compressive lap-shear and
in-plane shear are discussed in companion reports (References 1, 2, and 3).

The purpose of this report is to apply the basic analysis techniques established
in References 1, 2, and 3 for double-lap single-lap, and scarf and stepped-lap
joints, respectively, to joint configurations more frequently encountered in
aerospace practice.

Perhaps the most numerous applications of adhesive bonding are to be found in
the form of bonded edge doublers for flush mechanical attachments. Such applic-
ations share many of the governing equations for unsupported single-lap joints.
The limiting characteristic is usually not that of adhesive shear or peel but of
the non-uniform load distribution across the thickness of the main sheet just
outside of the doubler. It has long been known that the doubler must be flex-
ible in bending at its tip to diffuse load transfer gradually. This is why
feathered edges and fingered doublers are so widely employed. The analyses here
confirm the need for such procedures and provide a rational basis for design.

Another application, of growing importance in the form of metal structures
selectively reinforced with advanced filamentary composites, is that of a
bonded-on area doubler, usually unidirectional unless it is thick. Such
doublers are quite distinct from edge doublers inasmuch as the latter serve
principally to reduce a stress level locally while the former are more of the
principal load path type of structure. As such it is usual to minimize the
eccentricities in the load path, to provide moment-resistant supports, and aim
for the much higher efficiencies of double-lap joints. The key problem with
this class of bonded structure is usually that of load transfer at the ends.
If the area of the bonded-on doubler is too large in proportion to the bond



area, the weak link will be the shear capacity of the adhesive at the ends of
the doubler.

A common problem in composite structures is that of bonded metal doublers in an
area of mechanical attachments. An analysis technique and illustrative example
are provided.

The fourth class of non-classical adhesive-bonded joints is concerned with the
transfer of in-plane shear loads. The pure form of this problem, from one
member to another, is covered in References 1 and 3. (The single-lap case is
governed by the analyses of Reference 1 for this situation.) The analytically
more challenging problem arises in multi-cell torque boxes, such as aircraft
wings. The best known illustrative example is that of a wing skin to spar web
attachment, with a change in skin shear flow at the intersection. The boundary
conditions for each leg of such a joint differ from those of a single-transfer
joint, but the governing equations are of the same form. A related problem also
covered by the analysis in this report (with appropriate boundary conditions)
is that of the shear flow between a spar (beam) web and a concentrated cap.

Approximate analysis techniques for combined loading on joints are suggested.
These are based on the concept of the maximum adhesive shear strain being the
square rooot of the sum of the squares of orthogonal strain components.

In the more complicated joint configurations it does not prove practical to
perform precise elastic-plastic analyses. It is quite effective to obtain
simpler solutions in terms of upper and lower bounds by means of perfectly-
plastic adnesive analyses. The simplification arises from the elimination of
the "boundary" conditions at each of the elastic-to-plastic transitions. This
simplification is even more powerful than just a reduction in number of boundary
conditions because the location of such transitions is not known at the start of
an analysis and, fukthermore, it shifts as the load intensity is changed. (See
References 1, 2, and 3). Further justification for this technique is provided
by the fact that, for ultimate static load, the upper and lower bounds are

quite close together for the ductile adhesives used in subsonic commercial
aircraft structures. Even though such bounds are further apart for the brittle
adhesives needed for high-temperature zones on supersonic aircraft, they



represent a considerable improvement over the blanket application of a uniform
shear stress developed from single-lap shear tests. This report, in conjunction
with the companion References 1, 2, and 3 provides all the background and
techniques necessary for a more precise elastic-plastic analysis if ever needed.

The report concludes with a description of a powerful technique to obtain peel-
stress relief for thick uniform double-lap adherends. This consists of tapering
the outer adherends to make them flexible at the tip in order to prevent the
peel stresses from ever developing. This technique has been used in practice
for a considerable time. By means of the fully-plastic analysis method

outlined above, it was possible to determine the optimum proportions to not
only achieve peel-stress relief but also to simultaneously maximize the shear
transfer capacity of the tapered-lap bonded joint.






2. ADHESIVE-BONDED DOUBLERS

One of the most frequent applications of adhesive bonding in aircraft struct-
ures is that of bonded edge doublers. Two important applications are the build
up in thickness to permit the use of flush fasteners in thin gage sheet metal
and the fingered or feathered-edge doublers around panels subjected to accoustic
fatigue loads. In either case, the bond itself is not usually the 1imiting
element in the strength of the structure. The adhesive shear load can usually
be developed in about half an inch or so of plastic zones (while the overlaps
are typically very much greater) and typical design practice excludes substant-
jal differences in thickness at the edge of the doubler (and thereby minimizes
any potential peel-stress problems). The dominant limiting feature is the
eccentricity in load path when a doubler can be fitted on one side only of the
structure as is the case for external skins. The relevant analyses are akin to
those for the single-lap joint (Reference 2).



2.1 Adherend Stresses in Adhesive-Bonded Doublers

It is customary to make fingered doublers less thick than the skin to which
they are bonded (typically 0.6 times as thick or one skin gage less if very
thin). Therefore, with reference to the single-lap joint analysis of Reference
2, equation (152) is of interest here rather than the moment at the other end
of the single-lap joint which dominates that analysis. The distance (¢ - e) in
equation (152) of Reference 2 refers to the distance between the point of
inflexion (M = 0) and the edge of the doubler and may consequently be less than
the total overlap. Here, the end-support condition selected for analysis is
that of the skin/doubler combination being built in. Also, the analysis of
Reference 2 is adapted to provide for simply-supported ends. A comparison of
the two sets of answers so derived indicates that the former is related to the
Tatter by a factor of 2 (to some five or six significant figures) in the extent
of the overlap. Other end-support conditions can therefore be analyzed by
interpolation.

The geometry governing the present analysis is defined in Figure 1. The load
is assumed to be reacted at the neutral axis of the skin/doubler combination.
It is easily shown that this stiffness "centroid" is located at a distance from
the middle of adherend 4 of

1
=(t) + ty + 2n)
EC, = 2 . (1)

1+

( Eltl)

Throughout the adherend 4, outside the overlap, the longitudinal stress result-
ant (force per unit lateral width) is uniform, at the value P of the applied

load. The stress couple M,, per unit width, is then defined by the equilibrium
equation

ML+=P

(tl + ty, + 2n) Xy
/—)— wy | for -2, < x4 £ 0. (2)

eqq>\2

(24 + zd)<1 + e

The classical theory for the infinitesimal deformation of thin, cylindrically



bent plates then yields

a%w, My P (ty + ty + 2n) /xu)
I ewl (3)
2 Enty
dxy Dy Dy (Qu*'ﬁ4)<l . y\2
a
E1ty
whence
(tl + tu + 2”) /Xu
wy = A, cosh(gyxy) + By sinh(Zyxy) + 7 — (4)
vt o
(2;++§Ld) 1+
E1t
where

P 12P(1 - v,?)
£ 2 = — = . (5)
Dy, (kb)qequ3

The assumption of negligible moment restraint at x, = 0 (or, equivalently, that

2, is so large in comparison with L4 that the precise nature of the end condi-
tion is immaterial) prescribes that

AL =0 . (6)

The behavior of regions 2 and 3 (Figure 1) is governed by precisely the same
equations as for the single-lap joint analysis (Reference 2), with the excep-
tion that, here, at s = 0 the boundary conditions differ. The equations are

dM» ty+n
—_— - V2 + T( =0
ds 2

set up simply as

, (7)
dM, ty + 1N j
_— - V3 + T( ) =0
ds 2
a7,
— 4+ 17 =0
ds
, (8)
dT;
— -1 =0
ds



av,

— +o, = 0
ds
, (9)
dvs
—_— - cyC =0
ds
a2wy M, 12My (1 - v32)
ds? Dy (k1B 3
i (10)
d%wy M3 12M3(1 - vy ?)
ds? Dy (kb)qE“tq3

As in Reference 2 it is necessary to use the approximations

sz dW3
Wo = W3 N -_— = (1])
ds ds
while maintaining the distinction between the higher derivatives. From the

equations above,

d2(w, + ws3) M, Mj
—_—_— . — - — (12)
ds? D, Dy
d3(W2 + w3) Vo T /t1+n\ Vs T fty+n
w2 rwe) Ve T }__+4( ) (13)
as? Dy Dl\ 2 / Dy Dy\ 2
a*(wy + w3) o, 9, ty+n  ty+ n\ar
__._-—_=-_—+( " )—- , (14)
as* D; Dy 2D 2Dy /ds
d2(w2 - w3) My M3
— . —— o —— (]5)
ds? Dy Dy,

and, since for an adhesive obeying a linear elastic law in tension (peeling)

g (wg = wp)
I (16)
Ec n
a*(wy - w3) 1 1\E t1+n  ty+n\ar
———— e = _(— +  — C(w2 - w3) + ( - )—' . (]7)
as* Dy Dy/n 2Dy 2D, /ds

Equations (14) and (17) indicate coupling between the shear and peel stresses
in the adhesive. In order to obtain an explicit solution expeditiously, an
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approximate solution will be adopted with sufficient integration constants to
satisfy the dominant boundary conditions. The simplest such solution, used

also in Reference 2, is
%(W2 + w3) = Apss® + Bpas? + Ca3s + Fa3 . (18)
The conditions at s = 0 for a built-in end of the skin/doubler combination

permit the setting of
Co3 = F23 =0 . (19)
(For simply-supported ends, the corresponding relations would be
By = Fo3 =0 . ) (20)
As in Reference 2, it is assumed that
dwy,  dwg

2 at s =0 and S:Q'd (21)
ds ds

but that the distinction between the second derivatives is of paramount import-
ance since
d2W3 MO d2W2

-2 =0 at s=2_ . (22)
ds? Dy ds? d

(Note the sign convention for positive values of M the critical moment in the

adherend.) The pertinent boundary conditions, at s = Las ¥y = -%, are
t; + ty + 2n 1 {zu
wy = - Bysinh{(€42y) - _>
Ly + L ( Bty )\ )
a 1+
‘ Eity
- = 3 2
= 5(W2 + W3) A23(9fd) + B23(Q,d) s (23)
dwy, . ty + by, + 20 1 N
— =B cosh 2 + -
— L&y By 2 ( Eutu> >
L 4 sl 1+
E1ty
1 d(W2 + W3)
=z — " = 2
- - 3A23(2,)2 + 2By5(2 ) (24)

N



d2W|+ M

= 2 = - B,E,2sinh(£,8,)
ax,? Dy
dz(wz + w3) dz(wz - w3) M
_ %( - ) = 6hp3(n ) + —= (25)
ds? ds? 2Dy
and, for sufficiently large £,%,,
sinh(£48,) = cosh(gyly) = 1 {Euty) (26)

2
By a process of elimination it is established that

t 2n
l +__S+_.
] _Ptd td td / ILd )

1 1
M {1+ 2(g 2,) + =(g 2)2] = 1 - (27)
a E t
© 2 'sd hoos 2 ( 1458 )\ 2(2S + ld)
Eatq
Pt
-4 (28)
2
Equation (27) holds for built-in ends. It follows from equation (152) of
Reference 2 that, for simply-supported ends,
[' ts 2n
1+ =4+ —
Pt t t
1 21 _ d d d
Mo[1 o+ (gszd) + g(gszd) } = . I- I (29)
S 5
1v53
a-d
Pt
SR (30)
2

In these equations, the subscripts 4 and s refer, respectively, to the doubler
and skin, being equivalent to the subscripts 1 and 4. The bending stiffness
parameter £ for the skin is given above as

12P(1 - v 2)

= = (31)

P
3
Ds (kb)sEsts

g2 =
S

In this, the coefficient k  serves to uncouple the bending and extensional
stiffnesses so that the analysis covers filamentary composite materials as well

12



as the isotropic metals. (In the computer programs listed in the Appendix, the
ratio ES/Ed is set equal to unity. That is, the skin and doubler materials are
the same. This restriction is in accord with common practice, but can easily
be over-ridden in a specific case. Likewise, the assumption in equation (28)
that the doubler is small in comparison with the extent of the skin can also

be refined if desired.) The maximum stress in the skin, at the edge of the
doubler, follows from equation (27) or (29) as

= — 4+ —==¢g (1 + 3k) . (32)
t £ 2 ave
Equations (28), (30) and (32) are programmed to be solved by iteration in the
digital computer program listed in the Appendix. Representative solutions, in
non-dimensionalized form, are shown in Figures 2 and 3. It is apparent that,
for all practical purposes, the point of inflexion in the built-in case is in
the middle of the doubler since doubling the 2/t ratio with respect to the
simply-supported case yields the same joint stresses when computed for the
built-in case. It can be seen clearly that the effective length of the overlap
should be as large as practical. Trying to save weight by skimping on the
doubler has the effect of reducing significantly the allowable skin stress
(Oavg/omax < 1) so that a major weight penalty can be suffered for the entire
panel. This is why fingered doublers are customarily applied with quite Tong
overlaps rather than shallow scallops. The analysis above governs the fatigue
failure mode illustrated in Figure 4. The cracks originate on the doubler side
of the skin at the extremities of the fingers. Such cracks do not tend to
occur on the (sloping) sides of the fingers because no clearly defineble axis
for bending of the skin exists there. The experimental evidence is strong that
doublers should be either fingered or have feathered edges to prevent the form-
ation of a long continuous crack in the skin adjacent to the edge of the
doubler.

It will be noticed that nowhere in the analysis above is there any involvement
of the adhesive properties. Consequently the solution can be applied also to
integral doublers formed by chem-milling of a thick skin. In doing so,
however, it must be recognized that there is an additional stress concentration
due to the abrupt change in thickness which is not eliminated for the integral
doubler as it is for the bonded doubler by the layer of adhesive.

13



EXAMPLE 1:

To illustrate the use of the analysis above, consider a 2024-T3 aluminum skin
0.025 inch thick with a doubler 0.015 inch thick. The required skin efficiency
is 90 per cent, so the minimum overlap is read from Figure 2 as

£ = 0,025 x 14.85 / 0.22168 = 1.67 inch.

(An increase to &£ = 2.65 inch overlap would be needed to raise the skin
efficiency to 95 per cent.)

14



2.2 Adhesive Shear Stresses in Adhesive-Bonded Doublers

Consideration of adhesive stresses is not necessary in most bonded (edge)
doubler applications because the analysis above for skin efficiency tends to
over-ride such considerations. Nevertheless, the bonded doubler serves to
illustrate simply the use of modified all-plastic design concepts for
structural bonded joints.

The natural desire for high adherend efficiency is satisfied by minimizing the
effect of any eccentricities in load paths. The accomplishment of this mini-
mizes the differences between the actual adhesive stress distributions and
those of a supported (double-lap) joint. Therefore, instead of adapting the
more complex analysis of Reference 2 to the boundary conditions of bonded
doublers, the simpler analysis techniques of Reference 1 are employed. The
analysis presented here (see Reference 4) accounts for adhesive plasticity,
while assuming that the skin and doubler remain elastic. An algebraic solution
is derived which is sufficiently simple for design use. The solution describes
the adhesive shear stress distribution between the skin and doubler, identify-
ing the critical region (a narrow strip along the edge of the doubler) and
those other regions in which small manufacturing defects can be tolerated with-
out impairing the structural efficiency of the design. This analysis shows how
to size minimum bond areas by estimating the extent of plastic adhesive zone
necessary to transfer the load (and check that the adhesive is capable of gen-
erating such strengths for the given adherends) and adding to this the distance
required to build up the elastic adhesive stresses from zero to the plastic
Jevel. This approach is more meaningful than that of sizing in terms of a uni-
form bond shear stress, no matter how the "allowable" was arrived at.

Peel stresses in the adhesive (or interlaminar tension stresses in an adjacent
composite adherend) become a progressively more severe problem for either short
overlaps or thick sections. Usually these conditions are not encountered in
practical doubler design. In the event that they are, the single-lap joint
analysis of Reference 2 can be modified easily in much the same manner as for
the adherend analysis in Section 2.1 above.

15



Figure 5 depicts the geometry and nomenclature for the analysis of an arbitrary
adhesive-bonded skin/doubler combination. A uniform tensile load P (per unit
width) is applied to the skin and taken out at a row of close-spaced rivets
adjacent to the outer edge of the skin/doubler combination. A compressive load
would be equally well accounted for by this analysis, but it is necessary here
to establish a sign convention. In order to define the problem sufficiently to
permit a solution to be obtained it is assumed here that, at the row of rivets,
both skin and doubler act is unison, each transferring load to the rivets in
proportion to their extensional stiffness. It is also assumed that the doubler
extends sufficiently beyond the row of rivets for the local stress variations
around the rivets not to affect the analysis in the region of adhesive shear
load transfer. The row of rivets are replaced mathematically by a thick
extension beyond the end of the original skin and the doubler, as depicted in
Figure 5.

The conditions for horizontal force-equilibrium for a differential element ax
within the adhesive bonded area are

aT, dT

—+1=0 , —=-t=0 , (33)

dx dx
in which the subscript s refers to the skin and @ to the doubler. The stress-
strain relations for the skin and doubler yield

as T ds T

——S = 5 —_— = ‘—d . (34)
dx Et dx
S 8

Batq
The adhesive shear strain vy is approximated by the relation

y = S d (35)

and, within the elastic region (of unknown length s), the adhesive shear stress
is assumed to be

T =Gy = —>——= f£(x) (36)

while, throughout the remaining plastic region (of unknown length w), the
adhesive shear stress is assumed to be constant, at the plastic adhesive shear
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stress
T = Tp = constant . (37)

To solve the governing differential equations, one eliminates GS and 6d between
equations (34) and (35) and then uses equations (33) to eliminate T  and 1
yielding the differential equations

d.,

ay i i. T Ty
ax E t ) E_t ’ (38)
dx " S 8 d d
a2y 1| 1 1
- —l: + :IT = 0 . (39)
2
dx n Ests Edtd

Within the elastic region, which is assumed to extend to the rivet line because
of the small relative displacement in that region, equation (39) becomes

azy G/ 1 1
— _ Ay =0 . A2 = + (40)
ax? ] n\Et  Egt

dd

In the elastic solution,
y = A sinh(ix) + B cosn(ix) , (41)

the constant B can be set identically equal to zero because of the assumed
absence of relative displacement across the bond line at the row of rivets.
Equation (38) then predicts that the loads in the skin and doubler are not
proportional to their respective stiffnesses at the row of rivets. In other
words, the shear deformation in the adhesive prevents the doubler from fully
developing a load in proportion to the relative stiffness of the skin and doub-
ler. Provided that the doubler is not excessively narrow, this effect is
inconsequential, as is confirmed by the analysis below.

In the plastic region, of assumed length w at the inner end of the doubler, the
solution of equation (39) is
)\2

Y:ﬁ'[pga'FCg'f'F (42)

in which dx = d¢, the origin for £ being at x = +s.

The constants B, C and F and the unknown s or w are found by satisfying the
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boundary conditions

<
]
<

<
It
<
+
=

at £ = w,

of which equation (45) ensures continuity in the adherend stresses.

F=y, = Tp/G .

A= Ye/sinh(ks) = Tp/[G sinh(As)] ,
AT
0z — P
G tanh(As)

From equation (45) it now follows that

1 2 1 Y
Aw + = + 2R
tanh{As) tanh?(As) Yo

so that, from equation (46)

T 1 Et
P =.336M»+ ><l + i S) s
A\ tanh(As) E.t

dd
whence
1 Yp AP 2
YR E v
tanh?(As) Y s's
e T {1+ *}'ET
p a'd

Hence

(47)

(48)

(50)

(51)

(52)

Precise evaluation of these equations requires a digital computer program

but, for sufficiently long overlaps, tanh(is) - 1, whence

Y AP 2
(w + 1)2 > 1 + 22 &

Y Et

e S 8
T {1 + ET?T_
p a‘a
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The failure criterion for the adhesive is taken to be the exceeding of its
- total shear strain capacity (ye + yp), which has been shown to be a realistic
approach in Reference 1.

Just as in the analysis of bonded lap joints (References 1 and 2), the estent
of the plastic adhesive zone is limited by the adhesive and adherend properties
and does not increase indefinitely with increasing applied load. ..«st of the
load transferred by the adhesive bond between the skin and the doubler passes
through a single narrow band at the edge of the doubler. This same narrow band
follows the contour of finger doublers, as shown in Figure 6. Manufacturing
defects in the bond away from the edges do not impair the load trans‘er
capability of the bond.

Attention is now focused on the not quite ideal sharing of the load between the
skin and doubler, as indicated above. The integral of the adhesive shear
stress over the extent of both the elastic and plastic regions is

S W
T
[ T dx +f 1 dg = -———E———-[cosh()\s) -1+ T w (54)
o . A sinh(xs) P

If the skin and doubler were to share the load, at the row of rivets, in
proportion to their respective stiffnesses, the load per unit width in the
doubler (transferred through the adhesive bond) would have to be

E t
r/ (1 + =5 ) (55)
Eqa
which, from equation (51), is precisely equal to
T
P i . (56)
A tanh(is) P

A comparison with equation (54) indicates that it is realistic to use the
approximation (55) whenever cosh(is) > 1 which is practically always, because
of the characteristically high values of A.

The analysis above is now capable of re-interpretation in a form providing a

meaningful comparison with the analysis of lap joints. Corresponding to equa-
tion (50), the equivalent analysis of the general double-lap joint yields equa-
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tion (A.55) of Reference 1:

[Ab + tanh(%?)]z = tanhz(%gj + 2;3 X (57)
In Tap joints it is the extent of this plastic adhesive zone which 1imits the
ultimate strength that can be attained by the joint. Likewise, for bonded
doublers, it 1imits the load that can be transferred from the skin to the
doubler without failing the bond. In the Tatter situation, however, the poten-
tial bond strength usually exceeds by far the strength of the adherends. At
relatively low load intensities, the full plastic capability of the adhesive is
not fully utilized. As the load is increased, a maximum load capacity is
attained which fully extends the adhesive in shear. At this load level, no
increase in the size of the doubler can increase the load transferred. Equa-

tions (54) to (56) and (50) indicate that the load transferred through any bond
of realistic length is equal to

P T cosh(As) - 1 T v
i G )+£1+23, (58)
1488 A sinh(Xs) A Ye

E.t

dd

which is proportional to the square root of the strain energy of the adhesive
in shear, just as for bonded lap joints. This explains why ductile adhesives
are so much stronger than brittle ones despite the greater maximum shear stress
of the latter.

For practical stressing of the adhesive in shear, equation (58) contains all
the pertinent information. The design sequence is as follows:

Et
(1) compute the bond load P / |1 + =25
Eata

(2) compare (1) with the maximum bond strength

T Y
._B l+2_2

A Ye

which is Timited by the adhesive shear strain capacity (ye4-yp) and
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(3) if the comparison in (2) indicates that the adhesive is suitable,
determine the minimum width of the doubler, from the row of rivets to
the nearest edge of the fingers on the doubler as at least the sum of
the widths of the plastic and elastic adhesive zones. For this pur-
pose it would appear to be good design practice to base the load on
the ultimate strength of the skin with an adequate margin of safety.
A simple and generally not unduly conservative approach is to assume
that tanh(is) = 1 for the elastic region, so that s = 3/x, and that
all the load is carried in the plastic region, so that

E t
w="P/ (l+ SS)TP.
- Edtd
(4) Then, 2 = s + w

minimum

EXAMPLE 2:

Consider a 0.030 inch 7075-T6 aluminum alloy skin with a 0.020 inch doubler of
the same material, bonded together with Epon 951 adhesive, for which 1p==6000
psi, Yp/ye =20, G = 6.0 x 10* psi, and n = 0.005 inch. For these materials,

4 3 3
y o [6:0x10% 1 (10 , 10 ) - 10.0
5 x 10-3 107 30 20

Taking o1t = 10 ksi for the aluminum (for which also E = 107 psi), the maximum
bond load per inch is 75 x 103 x 30 x 1073 / (1.0 + 1.5) = 900 1b/in. The
adhesive bond capability is (6000 / 10) x v41 = 3842 1b/in., so the adhesive
has more than adequate strength.

The minimum width of the doubler (see Section A-A in Figure 6) then follows as

3 + 900 inch

= 10.0 T 6000
The fingers can then be proportioned according to current accepted design

2 = 0.45

practice. The minimum width ¢ above is 1ikely to be so small in general that
manufacturing tolerances and the adherend efficiency considerations above may
well dictate a much greater length.
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3. SELECTIVE REINFORCEMENT BY BONDED-ON DOUBLERS

In the application of advanced composites to aerospace structures in the form
of selective reinforcement, the objective is to minimize the total cost of the
composite by restricting its application to those situations in which it is
used most efficiently. These are the unidirectional reinforcement of beam
caps, strut flanges, stringers and longerons. The key problem in such applic-
ations is any load transfer from the composite to a metal end fitting. The
brittleness of the composite has led to the acceptance of the concept of using
only adhesive bonding between the composite and the end fitting and employing
mechanical fasteners between the end fitting and the adjacent structure. The
direct bolting of composite to the structure would necessarily require cross-
plies to develop adequate bearing strength and, with the associated stress
concentrations around the holes, this does not represent a particularly effic-
ient application of advanced composites if the bolt holes run along the entire
length of the part. A related concept, which has not received the attention

it merits, is that of a bonded-on unidirectional reinforcement with cross-plies
interleaved at the ends which can then be bolted as well as bonded. The effic-
jent use of interleaved metal reinforcement or boron film reinforcement is
Timited to fairly thin sections because of non-uniform load sharing problems
associated with the many rows of bolts needed to transfer load in to and out of
a thick section. Under such constraints, it becomes apparent that reliance on
pure adhesive bonding will continue in such applications.

There are two mathematically distinct types of problems in this classification:
the thin laminates with uniform thickness and the thicker ones with a scarfed
(or stepped) end to effect the load transfer over a greater length. These are
treated below in turn. Because of the interest in boron-infiltrated composite-
reinforced structures (Reference 5), the solutions will be presented directly
in terms of section areas per unit bond width rather than in terms of "equi-
valent adherend thicknesses".
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3.1 Uniform Thickness Doublers

Starting with the uniform thickness adherends, the basic problem is that of how
much composite can be bonded on before it splits off. This problem arises as
the result of thermal stresses induced by the dissimilar coefficients of therm-
al expansion for metals and composites and the fact that the operating temper-
ature is almost invariably much less than the bonding (curing) temperature
required for good environmental resistance. Once this limit is set, one can
proceed to compute how much mechanical load can be transferred and how best to
do so. The pertinent variables are depicted in Figure 7, in which the link
supports are meant to indicate the lack of eccentricities and of any deflec-
tions perpendicular to the x-axis. Precise elastic-plastic analysis will show
that, to all intents and purposes, most of the adhesive load is developed in
the end zones of the joint while the bulk of the structure is subjected to
essentially uniform stresses. The distance d shown is independent of the total
length for long overlaps but is characteristic of the cross section and the
materials and the temperature differential AT. The governing equations, for
the sign convention employed in Figure 7, are:

for equilibrium

4T
— -w1_ =0 , (59)
dx p
and
4T,
—+wt =0 |, (60)
dx
for continuity
y = (81 -82) /n , (61)
while, for the stress-strain relations for the adherend materials
dé,y T
—_= + a]AT (62)
dx E1Ay
and
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ds, Ty

dx  Ejhp
The governing boundary conditions for the adhesive are that

+ ayAT . (63)

T = Tp for 0<x <4 |, (64)
t=0 for x>4 , (65)
Y=y, at x=0, (66)
and
y=0 at x=a4a . (67)

The joint is symmetrical with respect to the centerline at x = L/2.

In the range d < x < L/2, there is no differential displacement across the
adhesive layer so that, from equations (62) and (63),
Ty T

+ alAT =
Eihy EohAp

+ ayAT . (68)

At the elastic-to-plastic transition at x = 4, equilibrium requires that
T, = T, . (69)

The simultaneous solution of equations (68) and (69) leads to the results

1
Ty = {0y - u1)AT//(E3A1 + EzAz) = -Ty . (70)

This same result is deduced for the location x = L/2 by a perfectly elastic

analysis, in association with an exponential increase in adhesive shear stresses
towards the ends of the joint (see Reference 6).

Turning now to the adhesive stresses, equations (59) and (60) require that the
forces T, and T, be reduced linearly to zero at the free edges of the specimen
by a uniform shear stress over the distance 4. It follows that the length of
plastic adhesive zone at each end of the overlap is given by

| (ap = ay)AT| 1 1
d = ( + , (71)
WTp EIAI E2A2

in which the modulus signs are necessary to ensure that the length 4 is positive

without prior knowledge of the relative magnitudes of o; and o,. It is now
appropriate to relate this distance d to the shear strain capacity of the
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adhesive, which serves as the failure criterion. In the end zone, from equa-
tions (59) through (63),

Y=%m1_52>=c+%xa1_agmm+<ﬁiy+ﬁiﬂw%G§ﬂ . (72)
At x = 0,
Y=C=Ye+Yp (x = 0) (73)
while, at x = 4,
v =0 (x = @) (74)

for the upper bound solution and

for the lower bound solution.

while the condition (75) is obviously associated with some displacement incom-
patibility for x > a, equation (65) requires that there be no change from the
forces in equation (70) for long and moderate overlaps. For the upper bound
solution, then, equations (71) through (74) indicate that

(v + 7)) = et ltag - o], (76)

whence the failure condition

_x 1 ). 2
v jenly, + Yp)(EjAJ . EZAZ) = [(ap - 07)8TI2 . (77)

Various dominant influences are apparent in this relation. The thermal stress
terms appear to the second power, so their influence becomes progressively more
severe. With all other variables held constant, the left-hand side indicates

a definite 1imit in adherend stiffnesses that can be loaded up, without failure
of the adhesive, by a given adhesive and width of bond. The greater is w in
proportion to E;A; and E;A,, the higher the temperature differential that can
be withstood. The important role of adhesive ductility is again evident. The
quantity nrp(ye + Yp) represents the strain energy per unit bond area for the
adhesive and this alone characterizes the influence of the adhesive. The same
importance of the adhesive strain energy is evident in Reference 1 for double-
lap joints. The lower-bound equivalent of equation (77) is
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S S S 2
2prrwp<E1Al + E2A7> = [{ay - ay)AT] . (78)

Equations (77) and (78) are appropriate for the AVCO boron-infiltrated extrusion
concept (Reference 5) because the circumferential symmetry prevents the devel-
opment of peel stresses at the ends of the overlap. For the exposed type of
reinforcement illustrated in Figure 7, it is probable that peel stresses or
associated interlaminar tension stresses impose a more severe restriction than
equations (77) or (78). This kind of problem is discussed in Section 6 of Ref-
erence 1 and imposes a definite Timit on the thickness of doubler which can be
bonded on without having a scarfed end. For a uniform thickness of reinforce-
ment, designated by the subscript o, this thickness is

En ag L
S S (79)
O 3p (1 -vi)\T
c p

in which o, is the maximum allowable peel or interlaminar tension stress, E

is the effective modulus in peel, and the other quantities have been defined
above. This constraint does not include any thermal effect terms because it
derives from a purely plastic analysis and need not distinguish between how

much of the adhesive strain was thermally induced and how much was developed

by the applied mechanical loads. Were one to include the elastic stresses also,
one could extend this thickness ever so slightly for very low thermal mismatches
and/or very low temperature differentials.

EXAMPLE 3:

While this example should be regarded as only approximate because it deals with
a very brittle resin system (and fhe theory above is precise only for reasonably
ductile systems), it may be of interest to examine the permissible size of
boron-epoxy infiltrated rods in aluminum extrusions. One uses equation (77)
with an aluminum area equal to that of the boron-epoxy as a typical example.

The resin has properties of the order of n = 0.005 inch, T 9000 psi,

(ye +y.) = 0.1, so that, if the hole in the extrusion be of diameter d and the

p
temperature differential be 400 °F (from 350 °F to -50 °F),

N Yy
EX9OOOxdeCLOO5XO.1( + ): [(13.0-~2.7) x 10-% x 400]?
30 x 108 x1d2 10x 108 x ma?
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whence 4 = 0.283 inch.

It is evident that the 0.25 inch diameter selected by AVCO is close to optimum
for the 350 °F cure-in-situ resin system which has been used to date. To
increase this diameter significantly requires either a decrease in the cure
temperature or a layer of ductile adhesive between the boron-epoxy and the
aluminum. AVCO is currently increasing the diameter of the reinforcing rods by
use of a room-temperature-curing resin system which is subsequently post-cured
to improve the strength and environmental resistance. This scheme is effective
for two reasons. First, the thermal stresses are less severe in going from
room temperature to either -67 °F or to the typically 250 °F post-curing temp-
erature than is the case in going from 350 °F to -67 °F. Second, in the room-
temperature-curing system, the stress-free state is at room temperature rather
than at 350 °F. Therefore the residual stresses induced in the aluminum are
far less severe and the fatigue 1ife of the structure is improved. The major
thermal stresses with this scheme occur at 250 °F and, as far as the bond is
concerned, these are not subject to creep because there is no driving force at
room temperature.

The analysis above concludes, in equation (77), with an estimate of the maximum
possible size of composite reinforcement which can be bonded to the basic metal
structure. If mechanical Toads T, and/or T, are applied at the end of the com-
posite, where the maximum induced shear transfer stresses are located, this size
will necessarily be reduced in order to accomodate both components of load. The
understanding of this phenomenon permits of simple design modifications to all-
eviate this difficulty. This is illustrated in Figure 8 in which, in the upper
configuration, both mechanical and thermal Toads combine at the same Tocation.
In the Tower configuration, on the other hand, the extension of the reinforce-
ment beyond the last fastener and beyond the softening cutout serves to separ-
ate the peaks of the two transfer stress components. As explained in Section 4,
the peak mechanically-induced stresses are located at the last attachment and
decay towards zero at the end of the member. The peak thermally-induced stress-
es necessarily occur at the extremity of the reinforcement. Therefore, the
stress-concentration relief shown in the lower part of Figure 8 enables the
resin matrix to react only one peak load condition at any one location, permit-
ting the application of higher mechanical stresses to the reinforcement.
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3.2 Feathered-Edge Doublers

For applications in which thick reinforcement sections are required, the abrupt
cut-off at the end of the reinforcement is intolerable and the appropriate pro-
cedure is to feather the end, as illustrated in Figure 9. In this event, quite
a different mathematical solution governs and peel stresses (or interlaminar
tension stresses in the composite reinforcement) cease to be a problem. The
design of this latter class of joints is dominated by two or three prime con-
siderations. First, the net extensional stiffness of the metal plus filament-
ary composite parts should be constant throughout the joint, if at all possible,
to promote maximum joint efficiency. Second, the net strengths at each end of
the joint should not be so adversely unbalanced as to leave a long piece of
reinforcement unable to accept any load because the end attachment area is too
weak to load up the middle. Third, because the coefficiencts of thermal expan-
sion of metals are distinctly higher than those of filamentary composites and
because the stress-free temperature (just less than the cure temperature) is
almost invariably higher than the operating temperature, a compressive load is
usually more severe on the bond at each end than is a tensile load.

The notation and sign convention for this type of joint are defined in Figure
9. Again, deflections perpendicular to the axis of the filamentary reinforce-
ment are excluded. Using classical mechanics of continuous structures, the
equilibrium of the differential elements is given by

ar
—S _yr =0 (80)
ax
and
aT
iyt =0 (81)
dx
while the stress-strain relationships for the materials prescribe that
as T
—C - —C% 44T (82)
ax  (EA) ¢

c

and
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2.0 447 , (83)
dx (EA) o
m
in which
(EA), = EA_(x/1) (84)
and

(EA)m (EmAm>1 - [(EmAm)l - (EmAm)z](x/z)

(85)
= (A )y - 8(EA )(x/2)

while displacement continuity requires that, for the adhesive,
Yy = (6c - Gm) / n . (86)

The design problem may be expressed in its simplest form as the determination
of the elngth, &, of scarf necessary for a uniform bond stress Ty to transfer
the load. Usually a compressive load is more critical than a tensile load
because the thermally-induced residual bond stresses tend to relieve applied
tensile loads and to aggravate compressive loads. In the process of solving
the equations, it is necessary to check on the maximum adhesive shear strain
induced since this serves as the failure criterion. The adhesive shear strain
is assumed to be zero at the inboard end of the scarf. Even if it is not pre-
cisely so there, it is zero close nearby. The numerically greatest adhesive
shear strain will develop at the outer (feathered) end of the composite, regard-
less of whether the applied load be tensile or compressive. Thus, the solution
proceeds as

dy 1 T Wl (P -1 _wx)
— = —{(ac—am)AT + 22— - P } . (87)
dx EA, (EAD)) - [(EA ) -(EA ),I(x/2)

in which P is the total (tensile) load applied, whence

y = const. + i{(o& -a )ATx + TPWQ x + - An[(E A )y -46(E A )(x/2)]

n c m ECAC A(EmAm) m m mm
T wi? X X
: —P—[A(EmAm)]z[(EmAmh - MEmAm)(;) _ <EmAm)12n“EmAm)1-é(EmAm)(;)]” . (88)

The substitution of the conditions y = 0 at x = 2 and y = Yo ¥ p at x=0
serves to evaluate the integration constant. A further equation follows from
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the assumed zero differential displacement across the adhesive layer in the
(uniform) central region of the overlap. From equations (82) and (83), with

§ =8 ,
m C
(T ), (T ),
B —S—=(a_ - a )bT (89)
(EmAm)2 E A,
and, since,
(TC)Z = prl and (Tm)2 =P - prfl . (90)
P 1 1
—-—-—'-—-TWQ[ + ]+(a —O.)AT . (9])
(EA), P lEA (EA), c =
mm c C m nm

Equation (91) permits the load P to be eliminated from the failure criterion
formed with equation (88) applied at each end of the scarf. This process leads
to an expression for & which may in turn be substituted into equation (91) to
evaluate the maximum load capacity of the composite-reinforced structure. The
equation for ¢ becomes

A2+ B +C=0 |, (92)

where
U ( 1 ) 1 )(1 \ (EmAm)zln[(EmAm)z/(EmAm)l]) o)

P ECAC (EmAm)1 - (EmAm)2 (EmAm) 1= (EmAm)2
EA )otn((E A E A
B=(a, - am)AT(l + ) 2tnl By n'2/ Uy m)l]) , (94)
(EmAm)1 - (EmAm)2
and

C = ﬂ[Y(X=O) - Y(x=2)] = tn(ye + yp) for the upper bound } (95)

= inyp for the lower bound

The apparent problem of evaluating an(0) for the case (EmAm)2 = 0 does not in
fact arise because

02n(0) = gn(0%) = 2n(1) =0 . (96)

Strictly this limiting case of a pure scarf joint is not covered by the present
analysis because the thermal stress picture can change to the extent that y # O
at x = 2.
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The reason for the + sign in equation (95) is explained in Figure 10. The
mathematical confirmation of the precise adhesive shear behavior depicted in
Figure 10 can be established by the following reasoning. Equation (87) may be
re-arranged by means of equation (89) to read

SREA N1-F)

. (97)
(EmAm)z{[(EmAm)l-(EmAm)z](l-%} + (EmAm)z}}

dy 1 {P[(EmAm)1- (EmAm)z] -1
dx n

It is clearly evident that dy/dx = 0 only at and beyond x = 2, except for the
particular positive value of P, for each joint, for which dy/dax = 0 at all
values of x. At x = 0,

o | i&ﬂ(qgagl - (A );] “TPWEWQ%QJ} 8)
dx {9 n| (A 11(EA D2
1 prQ P
= —|(a - am)AT + - (99)
n| © EA, (BA

and dy/ax|, will tend to be positive as the result of usual thermal mismatches
and compressive loads, so that y, will be negative while, for large tensile
loads P, dy/dx|o will tend to be negative and vy positive.

Returning now to equations (82) through (85) it is evident that A = 0 for

EA, = A(EmAm) which promotes longer effective scarfs as the result of carefully
matching extensional stiffnesses along the length of the joint. (It is estab-
lished in Reference 3 that only the unbalanced varieties of scarf joints suffer
from limitations in joint efficiency.) In other words, it is sound design
practice to make

(EA D)1= (EA) +EA . (100)
The evaluation of the optimum length ¢ for a design governed by compressive
loads is straightforward. The length & is determined from equations (60)
through (63) by reversing the sign of (ac - am)AT and using the positive sign
for v in equation (95). Actually, all the other quantities change sign except
for the thermal terms, but it is simpler to compensate in this manner. The
load capacity then follows from equation (91), again with the sign of the

thermal stress terms reversed. The case of tensile loading is a little more
tricky. The blind use of equations (82) through (85) with positive values of P
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could easily result in a joint design which will hold its load only if applied
gradually during cooling down in the autoclave after bonding. Once the load
were released, the thermally-induced stresses could cause failure of the
structure. In other words, for tensile loads it is necessary to check also the
no-load condition to ensure that it is not more severe on the adhesive than is
the load condition itself. For tensile loads, the appropriate sign in equation
(85) follows from equation (99). If dy/dx|o is positive, yo is negative, and
vice versa. The shear stress y; is usually negative for zero mechanical load.

In the design of composite-reinforced structures it is necessary to guard
against discontinuity problems in the transverse direction also. It is point-
less to carefully taper the ends in the primary load direction and leave a
severe thickness discontinuity in the orthogonal direction. An interesting
discussion of this problem and its solution is given in Reference 7.

The analyses above do not lend themselves to ready graphical representation
because of the large number of variables involved. It is appropriate to demon-
strate the conclusions and the use of the analysis by simple numerical examples.
Consider, in turn, balanced and unbalanced joints to show the adverse effects
of poor detailing and thin and thick sections to demonstrate how thick sections
tend to exceed the predicted bond load capacity. Since the boron-epoxy to
aluminum combination is receiving attention for selectively-reinforced struct-
ures the examples discussed will be so oriented.

EXAMPLE 4:

For a bonded composite-reinforced metal structure of the type illustrated in
Figure 10, let t_ = 0.100 in., (tm)z = 0.060 in., (tm)1 = 0.360 in., w = 1.0
in., E_= 10x10° psi, E_ = 30x10° psi, o = 13.0x107% /°F, a_ = 2.7x1078 /°F,
AT = - 50 - 350 = -400 °F, t_ = 6000 psi, n = 0.005 in., and (ye + Yp) = 2.0.
Then, from equations (92) through (95),

A=0,B= (2.7 - 13.0)x1076x(-k00)[1 + %zn{%ﬂj = 0.002645, C = 0.005x2.0 = 0.01

whence, for compressive loading, ¢ = -C/(-B) = 3.780 in.. From equation (91),
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1 1
1OX1OGXO.O6[6OOOXB.78OX( + )_(2,7_13,o)x10-5x(_h00)
30x106x0.1  10x106x0.06

= 27,218 - 2,472 = 24,747 Tb/inch width in compression and P = 27,218 + 2,472
= 29,691 1b/inch width in tension.
These loads correspond to composite stresses of 226,800 psi in both load senses.

jas)
1]

As the maximum allowable adhesive shear strain is reduced, the theory above
predicts a progressive decrease in joint load capacity. The theory is conserv-
ative with respect to brittle adhesives because of the somewhat surprising
behavior of perfectly elastic scarf joints subject to thermal mismatch between
the adherends. It is established in Reference 3 that, for both very short and
very long overlaps (but not those in between) adherend thermal mismatch does
not prevent the design of a scarf joint to transfer a required load between
specified adherends. The dominant adverse effect is any stiffness mismatch
which may exist between the adherends at each end of the joint. In the present
context this scarf joint behavior translates into a statement that, provided
the total extensional stiffness remains uniform throughout the joint region, a
sufficiently small scarf angle can always be found to enable any adhesive, no
matter how weak or brittle, to effect an adequate load transfer. The prime
drawbacks to reliance on this idea are that, in the first place, the scarf may
need to be so long that there is no room in the structure for a constant section
between the joints at each end and that, secondly, the elastic analysis to
determine such a scarf length is necessarily extremely difficult, being even
more complicated than for a scarf joint (Reference 3).

Example 5:

Suppose that all data are the same as for Example 4 with the single exception
of the presence of adherend stiffness imbalance with (tm)l = 0.160 in., so that
there is no bend in the reinforcement. The metal end of the joint is not built
up adequately to carry the load which the filamentary composite reinforcement
could otherwise develop.

From equations(92) through(95) now

1 1

A = 6000 ( - )[l . O'6gn(o.6il= . 0.001646
30x106x0.1  10x108x0.1 1.6
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(5.7 - 13.0)x1076x(~400)x 1 + 0.62n(2Y

1.6 = 0.001695

td
"

C

0.005 2.0 = 0.01

Then, for compression

0.001695 - v(0.001695)2 + 4(0.001646)(0.01)
9 = = 2.003 in..
—2x (0.0016L6)

The associated load capacity then follows from equation (59) as

1 1
= 10x105xo.06x[6000x2.oo3( + ) - (2.7-13.o)x10"6x(_uoo4 ,
30x106%x0.1  10x108x0.06

14,421 - 2,472 = 11,950 1b/in. for compression,
14,421 + 2,472 = 16,894 1b/in. for tension.

g
1

These values are only about half those predicted for the stiffness-balanced
joint examined in Example 4. This comparison serves to emphasize the
importance of careful design detailing to ensure maximum joint efficiency by
minimizing any imbalances which may be necessary.

EXAMPLE 6:

Consider a joint of the same materials as in Example 4 but with the adherends
four times as thick. The plastic scarf length remains unaltered at 3.780
inches and the composite stress consequently drops to 56,700 psi. The load
capacity increases to

1 1

= 10x106x0.2L [6000x3.780( + ) - (2.7-13.0)x10-0x(-k00)| ,
30x106x0.4  10x106x0.2h

58,152 1b/in. for compression,
77,928 1b/in. for tension,

av)
|

68,040 - 9,888
68,040 + 9,888

but the adherend materials are being used much less efficiently. (Actually,
as discussed in Example 4, greater reliance should be placed upon the elastic
capacity of the bond in a scarf joint, so this inefficiency prediction for
thick sections is somewhat conservative.)
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4. BONDED METAL REINFORCEMENT AROUND BOLT HOLES IN COMPOSITES

The application of bolted joints in advanced composite structures depends upon
several factors. On an individual basis, load transfer by bolts in plain holes
in isotropic pattern filamentary composites (0°/45°/90°/-45°) can be quite
efficient. On a specific weight basis there is a strong case for not reinforc-
ing the laminate with metal but for building up the laminate thickness as nec-
essary instead. However, while this usually gives the lightest (and frequently
the least expensive) bolted joint, it may be excessively bulky. There remains
a case for analyzing bonded metal reinforcements around the bolt hole(s) for
applications in which space does not permit a thicker laminate to be used.

There are two possible locations for such doublers: within the laminate or
externally. The two schemes are depicted in Figure 11. The internal doubler
has twice the effective bond area of the external doubler but, in practice, is
found to be associated with joggled fibers and poor quality laminates. External
doublers are generally to be preferred because of the higher quality laminates
and superior fit over the area to be bonded. The feathered edge shown in Figure
11 is reserved for thick doublers. The thickness beyond which uniform doublers
cannot be employed effectively is determined by peel-stress considerations
explained in Reference 1 [see also Equation (79) here].

The analysis of external bonded doublers begins with a demonstration that, for
uniform thickness doublers, the optimum location of the bolt hole is in the
middle of the doubler. The nomenclature and mathematical model are defined in
Figure 12. Equilibrium of differential elements in each of the four areas
requires that, for one side of the joint,

dT, dT o
—_—+1_ =0 |, -1 =0 ,
dx P ax P
(101)
dT 3 dTy
—+71 =0 , and — -1 =0
dx p dx p

The thermo-elastic material equations are
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ad T
k__k o, AT (k = 1,2,3,4) , (102)

dx Ektk

while the adhesive shear strains are given by

Sy, - 83 8y - 83
Yip = —— and Y3y = — . (103)
n n
The boundary conditions apply largely to dy/dx. For the assumed fully-plastic

adhesive stress state, with reference to Figure 12,
k =eft . (104)

The critical strain developed in the adhesive occurs at the location x = &,
while the adhesive is stress-free at x = 0. The solution proceeds along the
path

dyio 112 T» 2 Ty
- - _ + (o, - o )oT| (105)
dx nlE.t. Et
11 O 0
dZle 2 [ 1 1 Az
ax? nlE.t, Et | P ¢ P
174 oo
d'Y:.),|+ 1 _2 Tq, 2 T3
- — - + (o, - ao)AT , (107)
dx nlE.+. Et +
1 1 [l o}
and
d?yay  2[ 1 1 A2
= — + T = — T ) (108)
ax? nle.t. Bt J®P ¢ P
1 1 o 0O

The solutions of these differential equations are

X2Tp
Y12 = A1 + Biox + —=x? (109)
2G
and
AZTP
Y3y = Agy + B34(x - e) + (x - e)2 . (]10)
2G

The application of the boundary conditions to equations (105), (107), (109) and
(110) needs the evaluation of the adherend stresses due to thermal mismatch.
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It is assumed that the overlap is sufficient to induce the maximum stresses,

given by equation (70).

+
Et E.t.
00 ii

ro= -1 = (o, - 0T/ (55 2 at x=e . (111)

The adhesive shear strain at x = 0 will, by inspection, be zero for the maximum
load case, being usually negative due to thermal stresses prior to application
of load. The various boundary conditions are

Ay = 0 (from y;, at x = 0), (112)
Byo = (O.i - Oto)AT/ﬂ. (fY'Om lez/d_X at x = O), (]]3)
At (a0, = o )AT 2 2 2 2 Pe/ 2 2
i Rt ey s
G n Eoto Eiti Eoto Eiti nk Eiti Eoto
(from ay;p/ax at x = e), (114)
Agy = Ay + Broe # (AZTP/ZG)e:Z (fY‘Om Y12 = Y3y at x = e)a (]]5)
(o, = o JAT 2 2 2 2 Pey 2 2 2P
S ),
n E t E.t./\E t E.t. n\E.t. E t nE t
O O 1 21 o 0O 1 1 11 O 0O (oo
(from dY31+/dX at x = e), (]16)
AZTP (o, = )AT oP
B3y + (2 -e) = ——-2 + (from dysu/dx at x =12), (117)
G n nk.t,
11
and
(ye-+yp) = Agy + Bay(L-e) + (AZTP/EG)(Q- e)2 (from y3, at x = 2). (118)

Elimination of A3, and B3, by means of equations (111) through (117) leads to
the following expression for the load carried:

nly +v.) - (o, —o )ATS
P=r124 = e P 10 . (119)

© AR - (F)RR)

The Toad is seen to be greatest when

e = /2 . (120)

Therefore, for efficient design, the bolt (row) should be located in the middle
of the doubler. The adhesive shear strain at the middle of the doubler then
follows from equations {83) and (88) as
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]

(ai - aO)ATlf) . )\szll)z

Y = A3y -
n \2 2G \2
(v +v.) 1,82 2 2
) S o S ) : (121)
2 8 \Et E.t,
O O 1 1

which is precisely half that at the critical end (x = &) in the event that the
doublers are balanced with respect to the basic adherend. That is Et = Et..
While the stiffness ratio (Eiti)/(Eoto) has no effect on the total load trans-
ferred, it can be shown that the adhesive shear strain gradients are minimized
when Ejt, = Eoto' In this event, and with the bolt in the middle of the doub-
ler, dyj,/dx equals dyz,/dx at x = &/2. Equation (119) seems to suggest that
P decreases as & increases. Actually, however, 2 is not really a variable
since the length of overlap is determined by the conditions that, at Pt
vau = (v, *+ vp) at x = ¢ and vy, = 0 at x = 0. Re-arrangement of equation (119)
leads to the following expression for %

T

p 2 =
Et, 22 + (ui - aO)AT 9 - n(Ye + Yp) o , (122)
whence
bronly_ + v )
2 P e P
-(ay - a )T +‘/[(ai -, )JAT)S + E.t,
9 = 11 (123)

(QTP/Eiti)

and, for each side of the joint,

br nly + v,.)
2 P e P
J{V(ai - 0LO)AT] * Eiti - (ai - O‘o)AT

(124)
2/Eiti

Strictly, this same load P ltimate given by equation (124) applies for any
overlap 2 ¢ given by equation (123). The reason is the negligible load trans-
ferred by the elastic adhesive in the additional parts of the overlap. In
determining ¢ from equation (123), care must be taken to ensure that the maximum
positive and negative loads are inserted in turn. If no reverse load is ever to

be applied, the appropriate other 1imit is zero Toad to protect against a
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possible design which would hold together as long as the load was maintained,
but split apart as soon as it was unloaded.

EXAMPLE 7:

To illustrate the application of the formulas above, consider a graphite-epoxy
composite laminate 1.0 inch wide and 16 plies thick of the (0°/45°/0°/-L45°)
pseudo-isotropic pattern. This is to be loaded up through bonded titanium
doublers and a single bolt in double-shear. The composite adherend strength
outside the joint area is 103,000 x 1.0 x 16 x 0.0055 = 9,064 1b. A suitable
bolt to carry this load in double shear is a 5/16 inch diameter AN or NAS bolt
heat-treated to 125 ksi. The net section strength of the laminate through the
bolt hole is adequate for the half-load carried there. There is no need to
consider the use of a smaller bolt of higher heat-treatment. Some of the bolt
load will be transferred to the composite by direct bearing on the bolt but,
because the modulus of the laminate is only about half that of the titanium,
it is only slightly conservative to assume that all the bolt bearing takes
place on the titanjum. With a yield bearing stress of 216 ksi at e/d = 2 for
annealed 6a2-4v titanium, each doubler needs a minimum thickness of 0.067 inch
for the 5/16 inch bolt. Then, with a ductile adhesive, for which Tp = 6000
psi, nly_ + vp) = 0.010 inch, a, =0, a_=5.8x 10-6/°F, E, =11.9 x 10% psi,
ti = 0.088 inch, AT = -50 =350 = -L00 °F, the maximum load that can be carried
st = 6,804 1b which, when doubled
to account for the duplicated bond area, is adequate for the load required.

is evaluated by means of equation (124) as P

The design minimum overlap is evaluated by means of equation (123) as ¢ = 1.13
inch and is 50 per cent more than the theoretical minimum for a perfect bond.
This, then is a satisfactory design with a margin for environmental deterior-
ation. A suitable actual overlap is 1.375 inch to allow adequate tolerances.
Had the computed margin of potential bond strength to actual laminate strength
(outside the joint) been less than 50 per cent, or even negative, it would have
been necessary to increase the extensional stiffness of the composite Tocally
by adding 0° plies. It should be noted that the bond strength increase goes up
s1ightly less rapidly than vEt. Also, it can be seen from equation (124) that,
for thick laminates and brittle adhesives, there is a distinct possibility that
the doublers will split off. In this case, checking equation (83) of Reference
1 for peel stresses shows them not to be a problem. Assuming one bond-1ine
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thickness of adherend affected by the peel stresses,

+ + = 0.245 inch

3x(1-o.09)\0.5x106 1.7x10% 16x10°

t =
[¢]
max

(8000)u16 x 106 xo.oosj 1 1 1 )
6000

while the actual value of to is 0.067 inch.
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5. IN-PLANE SHEAR TRANSFER THROUGH BONDED JOINTS

The direct transfer of in-plane shear loads from one member to another fis
covered by the analyses in References 1 and 3. In essence, the governing
equations are the same as for direct loads except that the adherend stiffnesses
Et are replaced by the appropriate Gt. The thermal stress picture is more
complicated, being a negligible problem except at the two diagonally opposite
corners of the bond area because, elsewhere the thermally-induced adhesive
shear strains are orthogonal with respect to those caused by mechanical loads.
This situation is depicted in Figure 13. An effective simple technique for
dealing with thermal stresses under in-plane shear loading is to use a

modified form of equation (77) to compute the residual bond strain as

v, = [lap - al)Ale//

2 (55 * o | (125)

and subtracting this from the total adhesive shear strain otherwise available
for reacting the mechanical Toads.

The analysis of a single load path for in-plane shear is straightforward, but
that for multiple load paths, as at the intersection of two cells of a multi-
cell torsion box is more complicated. An illustrative example of such problems,
below, serves to describe the technique to be employed in such cases. Thermal
stress considerations have been omitted because, in practice, such structures
are usually made of a single material throughout.

The mathematical model of the structure to be analyzed is defined in Figure 14.
The governing equations, for the sign convention adopted, are as follows:

d5q dédy 51
—+ 1 =0 > = 5 (]26)
dx ax Gt
dS»y ds, So
—-1=0 |, —_—= , (127)
ax dx Goto
asSsy ddq S3
-0 B , (128)
dy dy  Gsts
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Y12 <

asy as,, Sy
— -2t =0, —_— = ,
dy dy  Gyty
dSs dég Ss
—+t=0 , —=—,
dy dy  Gsts
dSg dédg Sg
— -1=0 , — =,
dx; dx; Gete
as; as; Sy
—+1=0 , —=—,
dx dx; Goto
§p - & 8y - 63 8y, - 85 §g - 67
> Y3z < s Yus = » Ye7 =
n n n n
It follows that
dv12 i( 82 8 ) d2y1, r‘p( 1 1 ) (A12)?
— = - . = + T
dx  n\Gyty  Git; dx? n \G1t;  Goto ¢ P
dy 3y i( Sy S3 ) d%y3y zg( 1 2 ) (A34)2
= - . = + T
dy  n\Guty, Gsts dy? n \Ggts  Gyty ¢ P
dyys l( Sy SS) dZ‘qu T‘E( 2 1 ) ()\45)2
= — - . = + T
dy  n'Gyty Gstsg dy? n \Gyty Gsts ¢ P
dyg7 1, Sg S7 ) d2Y67 ZB( 1 1 (A67)2
= - - N = + T
dx,  n'Ggtg Goto dx32 1 \Ggtg Gty ¢ P

The solutions of these differential equations are
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Y12

Y3y

Yu5

(A12)%T

Ajp + Biox + ——x

A3y + Bayy +

Ays + Bysy +

2G
A 2
( 3’4-) Tp
2G

2
(Ays5) 5

2G

y

y

D2

2

»

s

(129)

(130)

(131)

(132)

(133)

(134)

(135)

(136)

(137)

(138)

(139)

(140)



(A67)2Tp
Yo7 = Ag7 *+ Bgrxit ————x % (141)
2G
in which x and x; differ only in origin. Most of the boundary conditions are
applied by means of the first of each of the equation sets (134) through (137).

Thus

51

Byp = - R at x=0 , (142)
nGltl
(Xlz)sz 1 Tpllz (Sl - Tpﬂlz)-
Blz + _———9,12 - - - > at X = 9’12 b (]43)
G ntGots Gty
Th12 o3y
B3l+ = - p = - L s at vy = C . (]44)
nG3t3 ﬂG3t3
<134>2Tp Sy
B3y + L3y = , at y = %3y (145)
G nGyty
Tplus 267
B,+5 = - P = - P N at Yy = 0 ’ (]46)
nGsts nGgts
(Xus)sz Sy
Bys + bys = , at y = 45 (147)
G nGyty
1{(sy - t,.272) 1,267
By = - = p12) Tp (148)
nL G7t7 Gete_
1[(s7 + 1.267) T, lys]
= . — P _ -k R at x; =0 , (x=2;5) (149)
nt G7ty Gegtg |
(Ae7)%1, 87
B67 + ————————%67 = - at X1 = 267 N (X = 212 + 267) . (]50)

nG7ty

In these equations, 25, 234, %45 and 247 refer to the effective fully-plastic
zones out of the total overlaps, which may be greater but do not contribute to
extra load transfer. Since the angles tying the skin and web together may also
serve as concentrated spar caps, none of the frequently possible reductions in
variables is effected here. Nevertheless, since the outer legs of the angles
are stress free, it follows quite generally that

45



212 = L3y and Lys = Lg7 . (]5])

Gross equilibrium also requires that

(212 + 2g7) = (8) - S7)/Tp = Sq/Tp (152)
while, also,
(234 + 245) = Su/Tp . (153)
Now, from equations (144) through (147),
Tp 1
(9,45 - 23“)_'—_— =0 (]54)
n LGyty

so that, quite generally,

S - Sy Sy

P12 = %3y = fus = Le7 = Qeffective - ot - o1 ) (155)
p

p
In other words, each bond transfers precisely the same load as the other three.

One of these four extents of overlaps becomes critical first, depending on the
relative adherend stiffnesses. The maximum possible extent of plastic adhesive
zone occurs when the shear strain is zero in the middle (strictly Yo to
identify between upper and lower bounds) and at its maximum value (ye + yp) at
each extreme of the overlap. However, this is likely to occur only for the
central web if Gtz = Gsts = Guty/2. In general, one side of the overlap will
be more critical than the other and the extent of effective overlap less. The
derivation of the critical overlap follows from the scheme outlined in Figure
15. Quite generally, the effective overlap is

dy /ax\ [y
2 = (1 e ) -2 (156)
dy,/dx A
8
where
dy dy
ol < £ (157)
dx ax
and, here,
_ 2 -
A= (AaB) TP/QG and Vg = (ye + yp) . (158)
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Note that the minus sign in equation (156) automatically takes care of the
possibilities that the gradients have the same or opposite signs.

For the load transfer from element 1 to element 2,
Tprerr l(sl'—szeff)]
dy /dx Goto Gity T2 Gty
of = _[1 _ Dlerr(), )} (159)

dYB/dX ( S1 ) Sy \ Goto
Gty

<
or, if this ratio is numerically greater than unity, its inverse. Likewise,

between elements 3 and 4,

dyu/dy G3ti Sy
- (or its inverse) (160)
T

dyB/dy Guty pleff

and, from 4 to 5,

dy /dy Gsts Sy o
- _< ( (or its inverse) (161)
dYB/dy Guty Tpleff
while, from 6 to 7,
S7
dya/dx ‘<G7t7> 1 (162)

- % S +1 L\ ) Get >
dYB/dx _(Tp ere) Tp - Tp - 6 6)
Gete G S7 G7t7

or its inverse, depending upon magnitude. In applying equation (156), it must
be remembered that A is different for each zone because of the different values
of (AQB)z. Thus, the identification of the minimum effective overlap reduces
to the problem of evaluating the least value of

[2 ] (1‘5)(“ Gltl)]

2 Gty

entr, 1)

Ty 1,1
Git1 Goto

s (163)
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G3t3
2ﬂ Y +'Yp thq
Ray = s (]64)
p G3t3 * thq)
Gsts)

anly_+vp) L Z(Gutu

2"45 = T l + 2 > (]65)
P J Gsts  Guty
1
1 { Ggteg ]
(v, '+Yp v 2 57-_ )(l*'57€;)
Lg7 = s (166)
G6t6 * G7t7)

since
BB - o) (167
‘pefs T T > )
Once the minimum value of % rfective has been established in terms of the

adherend properties and load ratios and the adhesive properties, the actual
adhesive and adherend loads at failure are proportional to

Sy = 21_(2 ) : (168)

p’ effective minimum

It can be shown easily that, to maximize the total load capacity of the bond,
it is necessary that the overlapping adherends be as stiff as practical, even
if this means a thicker member reduced in thickness away from the joint. This
problem is too complex to lead to such specific recommendations that the adher-
end stiffnesses should be balanced, except for the 3-4-5 elements for which,

if the bond 1limits the total load capacity, maximum efficiency requires that

G3t3 = Ggts = Guty/2 . (169)

The actual use of this analysis is illustrated in the following example.

The analysis above is based on a hypothetical perfectly-plastic adhesive.
Effectively, for real adhesives also, the plastic portion of the stress-strain
curve contributes to most of the load transfer and it is only slightly conserv-
ative to neglect the elastic load transfer in comparison. On the other hand,
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it is important, in sizing the overlaps, to add to the computed plastic zones
a sufficient distance for the elastic stress to build up from zero to the
plastic value. Typically this distance is of the order of 3/x so that, if
dy/dax has the same sign at each end of an overlap, a distance equal to 6/
should be added to the sum of the two plastic zones.

EXAMPLE 8:

Consider the structure and load ratios shown in Figure 16. Use the notation
of Figure 14, with adhesive properties T 6000 psi, Y, = 0.1, T, = 2.0, and
n = 0.005 inch. Assume a 2024-T3 aluminum structure for the skins, web and
angles, so that ¢ = 4.0x10% psi and Py = 4o ksi. Then the maximum effective
overlap is the least of

(1-0.5)( o.125)|
2 - 1+
_ 2xo.oo5x2.1s l 2\ 0.063 _ ;
212 = J 600 l 1 N 1 = 1.350 inch ,
J bx10°x0.125 HXIOBXO.QS)

0.063

1+ 2x ===
‘ 0.122 2 = 1.331 inch ,

Q3|+ = 9’45 = 3.7h2x

l J( o.izSJ' o.é63)J

1- [ 1 - 0.2 ]
1+(z e o..o653)'

= 0.598 inch

Lg7 = 3.Th2x T 1
J(o.zs”’ 0.033)

Thus the skin-to-angle bond governs the load capacity and (%
is equal to 0.598 inch. In turn, it follows that

effective )minimum

Sy = 2 x 0.598 x 6000 = 7,176 1b/inch ,
Sy =2 x 8y = 14,352 1b/inch ,
Sy = 8y = 7,176 1b/inch
The corresponding shear stresses in the skin and web are at a uniform value of
T =7,176 x 16 = 114,816 psi

which is beyond the allowable F oy SO the adherend strengths govern. The
recommended value of % then becomes
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_ 40,000 x 0.063 3 _ = ;
Lg7 = > < €000 x 1.5 + e + 0.25 = 0.315 + 0.671 + 0.25 = 1.236 1inch

for the 6 to 7 overlap, with the 1.5 factor being the design margin of
potential bond strength over adherend strength, 3/x the single elastic shear
stress build-up zone, and the 0.25 the manufacturing tolerance. In the 1 to 2
and 3 to 4 {or 4 to 5) zones, the recommended overlaps are, respectively,

212 = 0.315 + 6/Axy, + 0.25 = 0.315 + 1.732 + 0.25 = 2.297 inch ,
234 = f,5 = 0.315 + 6/A3, + 0.25 = 0.315 + 1.225 + 0.25 = 1.797 inch

Note that, even though the low-stress elastic troughs make up a large portion
of the total overlaps, they contribute but 1ittle to the static joint strength.
Their major important role is to attain a long service Tife by providing an
area of inevitably small adhesive strain to resist creep and to serve as the
plastic zone late in the life of the joint when the outer edges of the original
plastic zones have deteriorated through environmental exposure.
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6. PEEL STRESS RELIEF FOR DOUBLE-LAP JOINTS
(TAPERED-LAP JOINTS)

Reference 1 suggests certain simple design modifications to extend the thick-
ness range over which double-lap joints can develop adequate efficiencies.
Basically, the usual strength 1imit is due to excessive peel stresses which
develop at the ends of the outer adherends at a load level which may be signif-
icantly less than either the potential shear strength of the bond or the adher-
end ultimate strength. Beyond a certain adherend thickness, for a given comb-
ination of materials, the joint efficiency drops to intolerably low levels.

The object of this section is to explain how to effect a major relief of the
peel stress problem, thereby extending the economy in fabrication of uniform
lap joints to a greater usable range of thicknesses. The design technique
employed is that of tapering the ends of the outer adherends, as shown in
Figure 17. Actually, the joint is slightly stronger if the thickness at the
end is not quite reduced to zero. A tip approximately 0.010 inch thick is both
easier to fabricate and handle without damage. This tip must be minimized to
prevent the build up of peel stresses. The analysis below, for a completely
feathered end of the overlap, is slightly conservative with regard to the ult-
imate bond strength but is only slightly so and effectively eliminates one
variable from the analysis/design process.

A general analysis prepared for this problem proved to be so complicated as to
be beyond algebraic manipulation without assistance from a digital computer.
Therefore, what follows is a simpler procedure governing the approximate design
of optimum proportions for static ultimate load only. Partial load conditions
are not covered by this simplified design procedure but this is considered to
be acceptable because such load conditions do nct govern the geometry of the
design. A slightly conservative analysis for the tapered-lap joints at any
Toad level can be provided by ignoring the taper and using adhesive shear
analysis for uniform lap joints. This particular analysis had been approached
with a willingness to sacrifice some of the unrealized bond shear strength
potential in order to develop the remainder. It transpired that it was quite
simple to attain the entire potential bond shear strength while eliminating the
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peel-stress problem completely. Indeed, by skillful design, it is possible to
exceed by 24 per cent the shear strength potential of uniform double-lap joints
by making each of the tapered outer adherends 33 per cent stiffer than one half
of the uniform inner adherend.

The mathematical model for the analysis is illustrated in Figure 17 along with
the element forces and displacements. Thermal mismatch effects are excluded to
elucidate the dominant influences. The small load transfer throughout the
elastic trough is ignored and an analysis for a perfectly-plastic adhesive is
conducted. At ultimate load the optimum design will maximize the sum of L. and
Ly the extents of the adhesive plastic zones in the uniform and tapered zones,
respectively. The analyses of the zones A-B, B-C and C-D in Figure 17 must be
performed separately and the solutions joined by matching boundary conditions.
The location of C is defined to occur at the start of the taper on the outer
adherends and the length 2 is treated as an unknown to satisfy this condition.
(This considerable simplification in analysis eliminates the matching of cond-
itions at one more transition in behavior and is one reason why the analysis is
inapplicable to partial load levels. Once designed for ultimate load, the
start of the taper remains fixed but the width of the plastic adhesive zone
varies with load level. A further reason is that the length Ly would change
with load direction in the presence of any adherend thermal mismatch.)
Throughout the region A-B, the adhesive shear stress is constant at p while
the adhesive shear strain y varies, reducing to zero at B because the adherend
strains are identical throughout the region B-C. (The same is true in the pre-
sence of any adherend thermal mismatch and ensures that dy/dx = 0 at each end
of the zone B-C). Because of the identical uniform adherend strain assumed in
the zone B-C for all adherends, it is necessary that

21,4 27 2
Pt
- 2u (170)
E t E.t,
O C 1 1
whence
Eit, 2
2 -2 (171)
Eoto lt

(Were precise allowance to be made for the elastic adhesive shear transfer in
the region B-C, equation (171) would still apply at that single location for
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which dy/ax = 0 ). Throughout the zone A-B,

daT dT,
—2+21 =0 , — -21_ =0 , (172)
dx p dx p

where T represents the force per unit width in both of the outer adherends.
The adherend displacements are given by

as T as, T.
o .- _° -2 (173)

dx Et dx E.t.
oo ii

while the adhesive shear strain is defined by
vy=(8,-68)/n . (174)
It follows that
T, =P - 21,x T, = 21x (175)
where P is the applied load, so that

(176)

)

dx n\E.t, E t
1 1 o 0

P ™ 2 2 x2
Y = Yo - x+ —( + ) —) s (177)
nE t n\E.t, Et /\2
[¢ o] 1 1 [oNNe]

Yo being the adhesive shear strain at x = 0. Since Qu is defined to be such

whence

that vy = 0 (or y = ' for a lower-bound solution),

Y bt (2 +2.)2 T 2 2
2—9-_ P u t u + —Jl{ + )Quz =0 . (]78)

Et
Ye nYeEoto nYe Eiti o0

e

(172) and (174) still hold, but equations (173) and (175) become

At maximum possible load capacity, Y, = Yot Ype In the zone C-D, equations

dao TO T, dGi T,
= = , —= R (179)
E.t,
dx Eoto Eoto(g/zt) dx it
T, = 21T, T, =P -2t . (180)

Hence
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dy dy 12t 4% 2T C P
l t - ] (181)
t

ac dx n Eot B

.t B, t,
o} id il

Using the condition y = Y, at ¢ = 0, this equation may be integrated to read

1[et 2 Pz ot /g2
y=v2+~[ L, _ — E/—-)] (182)

nlE t E.t. E.‘b.\g
o 0 i’ i’

and, with the condition y = 0 at ¢ = Lis this becomes

Y 1 fht 2. 2 bt (2 + 2.)2 21 2. %
Y ny l E t E.t, B T,
e e o O 11 i1

For the most efficient design, ) will reach (ye-+vp) at the same load level as
that at which Y, does the same at the other end of the joint. This ensures the
maximumization of the sum (2u+-2t). The matching of Y, and Y requires that

t t t t u t +

- + = -
E t E.t, E.t Et E.t. Et
o © 11 o 0 11 O O

g 8 . (184)

bhe 2 h(gu + zt)zt 28,4 e + 2 )zu . ( 2 2 )
uu

il

The inclusion of the constraint (171) reduces the number of variables so that

(§i>3 - (;i) -1=0 . (185)

It is easily shown that the solution of this cubic is

2 E.t,
B =L/ (186)
2 E t
u [O3Ne]
That is, the net extensional stiffness of the outer adherends should exceed
that of the inner adherend by 32.5 per cent in an optimally designed tapered-
lap joint. It seems to be significant that current metal practice in bolted
joints of similar configuration calls for each of the (tapered) outer adherends

to be between 25 and 40 per cent thicker than half of the (uniform) inner
adherend.

Because of this stiffness mismatch, the adhesive plastic zone A-B extends
further than would be the case if B t, = Ejty- For uniform thickness outer
adherends with Eoto > Eiti, the end D would be critical, with reserve capacity
at end A. Returning to equation (178), and incorporating equations (171) and
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(186) for the optimized design, it can be shown that

Y bt 1 + 1,32L47
2(—p)= P (zu)Z( ) . (187)
Yo nYeEiti 2 x 1.3247
Hence
2(v,/v )
b, = 1.0676 P e (188)

(Mrp)/(nYeEiti)

and is 1.07 times as great as would be the case if Et = Bty for a given
inner adherend to be bonded. The effect of optimizing the design for peel-
stress relief is, consequently, to increase the potential shear strength to

1+ 1.3247

= 1.0676 x {

Poptimum balanced

which is 2L4.09 per cent better than the best that could have been achieved
with uniformly thick adherends.

It seems remarkable that this relatively inexpensive peel-stress relief modif-
ication should be associated with such a significant increase in potential

bond shear strength. This simple design/fabrication modification permits the
more economical lap joints to be employed effectively throughout a significant
range of thicknesses which would otherwise have required the use of more
expensive scarf or stepped-lap joints. The influence on joint strength of this
concept is depicted in Figure 18 for HTS graphite-epoxy. The tapered-lap
joints without the extra build-up on the outer adherends are found to have the
same potential shear strength as for uniform outer adherends. The end A is
more critical than the end D (Figure 17) because both the peel and shear stress
concentrations are relieved by tapering. That tapering the outer adherends in
accordance with Figure 17 has no effect on the shear transfer when E.t, = Bt
follows from equation (171).
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7. CONCLUSION

This report shows how to apply the simple concept of shear load transfer
through definable fully-effective zones to adhesive-bonded joinis of non-
standard configuration which occur frequently in aerospace practice. The tech-
niques have been illustrated through a variety of examples which are by no
means the limit of applicability of the method. Actually, because the solution
of the governing differential equations is far simpler for the all-plastic
adhesive than for the perfectly-elastic adhesive, the use of upper and lower
bound plastic solutions expands greatly the range of prcblems for which closed-
form analytical solutions can be derived.

The adoption of this plastic zone approach offers a distinct advantage over the
older method of computing bond strength as the product of a uniform allowable
shear stress and the total bond area. The fact that most of the load is trans-
ferred through the plastic adhesive zones has been established by more precise
elastic-plastic analyses (References 1 and 2). Likewise, it was shown that the
extent of such plastic zones is independent of the total (long) overlap.
Therefore, the use of the plastic zone analysis technique correctly relates the
potential bond shear strength to the appropriate elastic and geometric para-
meters instead of to the total overlap area, of which precise analyses have
shown the maximum bond strength between given adherends to be independent.
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TABLE OF MATERIAL PROPERTIES FOR FIGURE 18

HIGH-STRENGTH GRAPHITE-EPOXY:
(0°/+45°/90°/—45°)S pattern:

e = 8.0 x 106 psi, EY = 1.7 x 108 psi,

L N
tu _ . tu _ .
FL = 69 ksi, FN = 8 ksi,

(in which the subscript N refers to properties in the thickness direction).
DUCTILE ADHESIVE:
Tp = 6 ksi, n = 0.005 in., Yp/Ye = 20,

l _ . . o - .
n(aye-+yp) = 0.0102 in., B, = 500 ksi, o, = 10 ksi.
max
BRITTLE ADHESIVE:
i = 9 ksi, n = 0.005 in., yp/ye = 1.5,
1 _ . . . . .
NG v tyy) = 0.00042 in., E_ = 1500 ksi, o = 17 ksi.

max
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APPENDIX

The following Fortran IV computer programs were developed in the preparation of
Figures 2 and 3 for the efficiency of skin material when used in conjunction
with bonded doublers around the edges on one side only. No data cards are
required since the parameters are read in as part of the program. Illustrative
sheets of output are included for each program. The first program applies for
built-in edges at the outer periphery of the skin/doubler combination while the
second one covers simply-supported edges. The doubler ¢/t parameter is defined
as

L / o 12(1-v2)
OL(J) - doubler ‘/ max
kbE skin

tskin
and the bending stiffness parameter as

D

BENDK{M) = | —m8m
( " )
12(1 _\)2) skin
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